Background and Purpose: Using multitracer positron emission tomography, I investigated regional hemodynamic and metabolic changes in both perifocal and remote tissues of cerebral angiomas, with special reference to steal phenomena.
tumors. Hemodynamic and metabolic effects of AVMs were investigated by De Reuck et al 10 and Tyler et al. u While the former group reported abnormal regional values in two patients, the latter presented hemispheric but no regional data on 17 patients. Functional PET was used in one patient to localize an AVM to the precentral gyms. 12 It was the purpose of this study to investigate regional changes of hemodynamics and metabolism, with special reference to signs of a steal phenomenon. Cavemomas and AVMs were investigated because differential hemodynamic effects on perifocal and remote tissues were to be expected. Both the immediate surroundings of a cerebrovascular malformation (perifocal tissue) and distant cortex supplied by the same arterial branches (dependent cortex) were studied. Another PET study during the performance of an activating task was used to assess the functional recruitment of the dependent cortex.
Subjects and Methods
A total of 25 patients with a cerebrovascular malformation were studied. Three patients were excluded from the analysis for technical reasons. Diagnosis was based on history and the results of neurological examination, CT, MRI, and cerebral angiography. Clinical data are summarized in Table 1 . Informed consent was obtained from all patients. If a patient presented with epileptic seizures or hemorrhage, the PET study was performed interictally or at least 2 months after the hemorrhage. Except for the patients with symptomatic epilepsy, who were on carbamazepine or phenytoin, which may have caused some generalized depression of CMRGlc and possibly CBF, 13 at the time of the PET study no patient was on a medication known to alter either measured variable in a region-selective manner.
The patients were divided into two groups according to the final diagnosis (AVM or cavernoma) as established by all non-PET methods including histology (/i = 10). The number of voxels containing the cerebrovascular malformation on PET images was used as an estimate of lesion size.
All PET studies were performed on a Scanditronix four-ring PET camera (PC 384) providing an in-plane resolution of 7.8 mm (full width half maximum) and permitting the simultaneous scanning of seven transaxial 11-mm-thick slices. The CBF, CBV, CMRO 2 , oxygen extraction fraction (OEF), CMRGlc, and glucose extraction fraction (GEF) were measured in the resting state. Positioning and repositioning (for the activation study) were achieved by means of a two-dimensional laser beam facility. All PET studies were scrutinized for any head movement during the series of oxygen-15 measurements. Therefore, in four patients only CBF and CMRGlc could be analyzed.
One day after the multivariate resting PET study, a PET activation study of CMRGlc (CMRGlc act ) was performed in 12 patients. They were encouraged to speak spontaneously for 30 minutes, with only occasional help from the investigator. This provided the possibility of calculating regional CMRGlc changes.
Each multivariate PET study consisted of four measurements. First, regional CBF 14 was measured dynamically 15 after the intravenous injection of 40 mCi I5 Olabeled water. For each pixel, blood flow and the partition coefficient (lambda) were determined. For measurements of CMRO 2 and OEF according to the single-breath technique, the patient inhaled 100 mCi of 15 O 2 in room air. By using the operational equation of Mintun et al, 16 OEF and CMRO 2 were computed pixel by pixel. The CBV and mean vascular transit time (MVTT) were measured according to the method of Grubb et al 17 using a closed inhalation system filled with 100 mCi C 15 O. The CBV was calculated for each pixel. A correction factor of 0.85 was used to account for the Fahraeus effect. Images of MVTT were calculated pixel by pixel as the ratio of CBV to CBF. For the determination of CMRGlc and GEF, the patients were injected intravenously with 5 mCi of [ I8 F]2-fluoro-2-deoxy-Dglucose (FDG). 18 All oxygen studies comprised only seven slices, while in CMRGlc studies another set of seven intercalated slices were recorded to allow threedimensional image reconstruction. The CMRGlc was calculated pixel by pixel, using a K]-k 3 optimization procedure and a fixed value of 0.42 for the ljumped constant. 19 The GEF images were calculated pixel by pixel using the respective values of CMRGlc and CBF. Cerebral metabolic ratio (CMR) images reflecting metabolic imbalance (e.g., anaerobic glycolysis) were calculated pixel by pixel as the CMRGlc to CMRO 2 ratio. Investigative and scanning procedures as well as image processing have been reported in detail. 20 -21 If there were any head movements between the 15 O sequence (CBF, CMRO 2 , and CBV) and the CMRGlc measurement, numerical realignment of the CMRGlc images with respect to the CBF images was performed by means of a three-dimensional alignment procedure. 22 Images of the two FDG measurements (CMRGlc resl and CMRGlc act ) were realigned as well, if necessary. This procedure yielded a visually accurate match among the various slices of the studies. The angioma was outlined manually before the standardized, geometric regions of interest (ROIs) were placed using a semiautomatic computer-assisted procedure. 23 All pertinent slices of CBF, CBV, and MVTT were displayed simultaneously and visually compared with CT and MRI scans and cerebral angiograms. The probable nidus of the angioma was defined as a single ROI. In a second step the perifocal tissue of the angioma was defined as two rims surrounding the nidus, each with a width of four pixels (corresponding to 10 mm). The inner rim was discarded, and the outer rim was denoted as the perifocal tissue. Due to obvious heterogeneity, the perifocal tissue was further subdivided into sectors of 90° for regional analysis. These ROIs usually comprised both gray and white matter. Subsequently, a region of so-called dependent cortex was outlined. This cortical sector was chosen to be distant from the immediate surroundings of the angioma but supplied by the same arterial branch. All ROIs (dependent cortex, perifocal tissue, and angioma) were mirrored automatically to the unaffected hemisphere for side-to-side comparisons. Furthermore, the entire set of seven slices was mapped using a standard set of geometric regions. A typical set of ROIs is shown in Figure 1 .
Descriptive statistics are presented as the arithmetic mean±SD. Regional PET data were analyzed using repeated-measures analysis of variance. Exact test procedures were used in the comparisons of frequencies.
The Wilcoxon-Mann-Whitney test was used to compare the sizes of AVMs and cavernomas. The statistics applied are always stated. Statistical calculations were performed using commercial software (SAS Institute, Inc., Cary, N.C.).
Results
The topography of the angiomas is given in Table 1 . CT (n=21) allowed the distinction between AVM and cavernoma in five patients. Diagnosis was revealed by MRI (« = 17) in 13 patients and by angiography (n=20) in 18 patients; two angiograms were false-negative. Three angiomas were mainly supplied by the posterior cerebral or cerebellar artery and 17 by the middle cerebral artery. Collateral arterial supply from the anterior or posterior cerebral artery was seen in 10 patients; additional supply from the contralateral side was noted three times. Some focal pathological change was demonstrated by PET (n=22) in all patients. A fully utilizable multivariate PET scan provided the definite diagnosis. After completion of the clinical evaluation, 10 patients underwent neurosurgery and three had radiotherapy. One angioma was embolized; the other patients were treated conservatively. Histological specimens were obtained from all operated patients.
The number of voxels of the angioma nidus on PET images was used as a rough estimate of lesion size. Seven angiomas had a volume of <10 cm Metabolic and hemodynamic data of the cerebral hemispheres (excluding the angioma and reference ROIs) ipsilateral and contralateral to all supratentorial angiomas are given in Table 2 . Values for AVMs and cavernomas are given together because they did not differ significantly between diagnostic groups. Only for CMRGlc was a significant difference between cerebral hemispheres detected. In the resting state as well as during speech, CMRGlc was significantly decreased in the ipsilateral hemisphere, although these differences were small (<10%). The CBV and MVTT seemed to be increased in the ipsilateral hemisphere, too, but these differences between hemispheres were not significant. Furthermore, OEF and GEF of the cerebral hemispheres did not show any abnormality.
For the analysis of perifocal tissue, high-and lowflow ROIs were selected to avoid the concealing of effects by averaging. In each patient, the perifocal ROIs showing the largest and smallest ipsilateral CBF to contralateral CBF ratio were analyzed. Values did not differ significantly between diagnostic groups. Metabolic and hemodynamic findings in the high-and low-flow perifocal ROIs are shown for both AVMs and cavernomas (Table 3) , listing the probability value only for the side (ipsilateral or contralateral)x range (high or low flow) interaction. In low-flow perifocal tissue, CMRGlc was significantly (p<0.001) reduced. Likewise, GEF was significantly decreased (/xO.0001) rather than increased to compensate for hypoperfusion. The CMRO 2 and OEF showed similar behaviors. The CMR was also significantly reduced (/?<0.0001) in low-flow perifocal tissue, indicating that CMRGlc was more severely depressed than CMRO 2 . The CBV (p<0.001) and MVTT (/><0.0001) were significantly increased in both low-and high-flow perifocal ROIs.
In Table 4 CMRGlc rcsl and CMRGlc act of the dependent cortex and its reference ROI are shown. Psychophysical activation produced a significant enhancement (/?<0.05) of the cortical hypometabolism found in the resting state. All other hemodynamic and metabolic variables measured at rest showed no significant differences between the dependent cortex and its reference ROI. Again, there was no difference between AVMs and cavernomas. FIGURE 
Multivariate positron emission tomograms across cavernoma of 52-year-old woman presenting with seizures. Range of gray scale values from black to white is given under each abbreviation. Cerebral blood flow (CBF) is measured in ml/100 g/min, cerebral blood volume (CBV) in ml/100 g, mean vascular transit time (MVTT) in sec, cerebral metabolic rate for oxygen (CMRO2) in fimol/lOO g/min, oxygen extraction fraction (OEF) in %, cerebral metabolic rate for glucose (CMRGLC) in (imol/100 g/min, glucose extraction fraction (GEF) in %, and cerebral metabolic ratio (CMR) in %. R and L indicate side orientation of patients head (right and left, respectively). Note mediumsized left subcortical frontal area of increased CBV and MVTT but decreased CBF.

Discussion
The data on perifocal tissue necessitate some basic considerations because it is difficult to separate the radioactivity of neighboring structures. In view of this, the inner rim of tissue surrounding the angioma (four pixels, corresponding to 10 mm) was disregarded to minimize partialvolume artifacts, especially in CBF and CBV measurements. However, it is conceivable that this procedure is somewhat arbitrary and may have resulted in the exclusion of particularly interesting functional abnormalities at the edges of the angioma. Furthermore, because of partial-volume effects from both high activity within the angioma and (perhaps) normal activity of brain regions beyond the described perifocal tissue, the functional decrease observed is likely to be seriously underestimated. Because the emphasis of this study was on perifocal abnormalities, the described region-mapping procedure was chosen to provide a reasonable compromise between conflicting artifactual influences.
As mentioned above, it was not the aim of this study to obtain hemodynamic data from within the angioma. Nevertheless, visual inspection of multivariate PET CMRGIc, cerebral metabolic rate for glucose; GEF, glucose extraction fraction; CMRO 2 , cerebral metabolic rate for oxygen; OEF, oxygen extraction fraction; CMR, cerebral metabolic ratio; CBF, cerebral blood flow; CBV, cerebral blood volume; MVTT, mean vascular transit time. Values are mean±SD. By repeated-measures analysis of variance, sidexrange interactionp<0.001 and sidexrangexangioma type interaction not significant. images revealed that CBF of AVMs was significantly increased, while in cavernomas it was decreased. This differential behavior permitted a distinction between the two diagnostic groups. In contrast, CBV and MVTT were increased in both types of angiomas.
Modeling difficulties must be considered, too. No attempt was made to quantify hemodynamics or metabolism within the angiomas because in pathological tissue model violation may occur (e.g., uncontrolled changes of the lumped constant may cause false estimates). Comparable irregularities were to be expected for CBF measurements. In both perifocal tissue and the dependent cortex, a mismatch of CMRGlc and CMRO 2 was found. Similar observations have been made in the border zone of ischemic infarcts 24 and after treatment of carotid artery occlusion. 25 These observations require further experimental elucidation.
In the activation studies, repeated CMRGlc rather than repeated CBF measurements were employed for two reasons. First, the signal-to-noise ratio of CMRGlc images is better. Second, a globally activating paradigm had to be used (which in turn requires a relatively long time constant) because the topography of the angioma nidus varied.
Infratentorial angiomas were not included in the analysis of cerebral hemispheric effects to prevent the data from becoming biased by general or uncertain remote effects. Tyler et al u reported multivariate data on whole cerebral hemispheres. The authors described ipsilateral increases in CBV and MVTT, no changes in CBF, OEF, and CMRO 2 , and a decrease in CMRGlc. Hemispheric CMRGlc ipsilateral to the angioma was decreased in this study, too, although that abnormality was much smaller. The corresponding values of CBF, CMRO 2 , and OEF were normal. Ipsilateral mean CBV and MVTT in this study were slightly greater than contralateral values, but due to large variability these differences were not significant. In the contralateral hemisphere both mean CBV and mean MVTT as well as the variance of both variables were well within the range of normal values reported previously.
-
26
- 27 In particular, there was no evidence for a contralateral increase in CBV or MVTT as reported by Tyler et al. 11 This difference cannot be ascribed to different angioma sizes.
The main purpose of this study was to investigate pathophysiological effects of angiomas with respect to perifocal tissue and the dependent cortex. The great variability of each variable studied clearly indicated that the periphery of an angioma is not a homogeneous tissue compartment. With respect to steal phenomena, no evidence was found for a persistent misery perfusion syndrome. 28 Tissue metabolism was decreased in perifocal ROIs showing the most severe hypoperfusion in relation to their respective contralateral ROIs, but no compensatory increase in OEF or GEF was measured. Therefore, at the time of the PET study, CBF in those perifocal areas was far above any critical level. On the other hand, pure neuronal deactivation cannot explain the dysfunction of perifocal tissue when the heterogeneity of perifocal blood flow and metabolism is taken into account. After all, a similar degree of functional depression in the immediate surroundings of the angioma would result from deafferentation because neuronal deactivation is largely a function of the distance between a given structure and the causative lesion and perifocal ROIs were operationally defined according to a four-pixel distance criterion. Hence, the observed perifocal tissue dysfunction may be explained best as a state of chronic damage perhaps related to neuronal loss consequent to diapedetic bleeding or significant ischemia earlier. 29 As blood flow steal could not be demonstrated in perifocal tissue, cortical areas supplied by the same arterial branch as the angioma were also analyzed. A diminished metabolic response to stimulation of the dependent cortex indicated impaired functional recruitment, while neither hemodynamic variable showed any significant abnormality. Therefore, in contrast with perifocal dysfunction, this impaired functional recruitment must be ascribed primarily to secondary deactivation, i.e., transneural remote effects.
In the literature on steal phenomena, two major points are raised: the demonstration of decreased perfusion in areas distant from an AVM 30 -32 and the reperfusion of hypoperfused tissue following obliteration of angioma-feeding arteries.
8 - 33 Those findings, however, are easily explained by a decreased blood flow demand and a sudden redistribution of pressure gradients in an unadapted vascular network, unrelated to neuronal substrate demand. The only PET report of steal phenomena lacks convincing evidence 10 ; decreased CMRO2 and CBF were found in remote cortex of two patients. However, data on OEF revealed no side-toside difference (in one case) or even suggested a decrease (in the other case) ipsilateral to the AVM. In conclusion, the present multivariate PET study including an assessment of cortical functional recruitment demonstrates that the tissue surrounding a cerebral angioma is not a homogeneous compartment. Rather, it is highly nonuniform, showing regions of high, normal, and low CBF paralleled by corresponding metabolic changes. The present findings do not support the notion of persistent steal of blood flow by the vascular malformation, in neither perifocal tissue nor the dependent cortex, or in the entire ipsilateral hemisphere. While perifocal functional abnormalities are likely related to neuronal loss, the changes found in the dependent cortex are easily reconciled with the concept of diaschisis. Further evidence against the steal hypothesis is provided by the lack of any differential hemodynamic effects of AVMs and cavernomas. However, the possiby guest on November 8, 2017 http://stroke.ahajournals.org/ Downloaded from bility remains that a reduced blood flow reserve may cause acute blood flow steal under certain conditions of increased demand. Concurrent measurements of blood flow, metabolism, and substrate extraction during controlled stimulation may eventually provide a definitive answer.
